While many p53-deficient cell types are impaired in global genomic nucleotide excision repair of cyclobutane pyrimidine dimers (CPDs), human epidermal keratinocytes expressing human papillomavirus type 16 E6 and E7 are p53 deficient and yet maintain repair of CPD. We hypothesized that the p53 homolog, p63, may participate in governing global repair instead of p53 in keratinocytes. Following ultraviolet radiation (UVR) of E6/E7 keratinocytes, depletion of p63 but not of p73 impaired global genomic repair of CPD relative to control cells. In all cases, repair of pyrimidine(6-4)pyrimidone photoproducts, the other major UVR-induced DNA lesions, was unaffected. In E6/E7 keratinocytes treated with p63 small interfering RNA, reduced global repair of CPD was associated not with reduced levels of messenger RNA-encoding DNA damage recognition proteins but rather with decreased levels of DDB2 and XPC proteins, suggesting that p63 posttranscriptionally regulates levels of these proteins. These results indicate that global repair may be regulated at multiple levels and suggest a novel role for p63 in modulating repair of DNA damage in human keratinocytes. The results may provide insight into mechanisms of genomic stability in epithelia infected with oncogenic human papilloma viruses and may further explain the lack of increased skin cancer incidence in Li-Fraumeni syndrome.
Introduction
Nucleotide excision repair (NER) is a highly conserved process for removing bulky or distorting DNA lesions. The importance of NER in the response to solar ultraviolet radiation (UVR) is illustrated by the disease xeroderma pigmentosum in which mutations in certain NER proteins dramatically increase the risk of non-melanoma skin cancer due to impairment of the global genomic repair (GGR) subpathway of NER in which repair in non-transcribed DNA is defective. In many cell types, p53 has been shown to regulate GGR by transcriptionally activating certain genes, including XPC and DDB2 that encode key DNA damage recognition proteins (1) (2) (3) . In several cell types, a p53 deficiency impairs GGR of certain DNA lesions, including the most common UVR-induced lesions, cyclobutane pyrimidine dimers (CPDs) (4) . Paradoxically, Li-Fraumeni syndrome, which is most frequently due to inactivating mutations in one p53 allele, is characterized by a predisposition to many types of internal malignancies associated with the loss of the remaining wild-type allele, but neither photosensitivity nor non-melanoma skin cancers has been reported (5) . This clinical phenotype suggests that keratinocytes may possess alternative keratinocyte-specific mechanisms to maintain GGR even if p53 is lost.
Although epidermal keratinocytes are the most appropriate cells in which to study DNA repair following UVR, relatively little is known about the mechanisms by which these cells regulate repair. Recent evidence suggests that keratinocytes possess responses to UVR that are distinct from other cell types (6, 7) . We have reported that human keratinocytes are proficient in maintaining GGR when p53 is absent or reduced, and while induction of XPC and DDB2 is reduced in p53-deficient keratinocytes, basal expression of these genes and of XPC protein is preserved (8, 9) . These results contrast with other types of p53-deficient cells in which XPC and DDB2 expression are reduced and GGR of CPD is impaired (10) (11) (12) .
The p53 family includes p53 as well as two homologs known as p63 and p73 that also affect some p53-dependent processes (13, 14) . Unlike p53, the p63 gene possesses two promoters resulting in two N-terminal variants (DN and TA) as well as alternative splice sites producing a, b and c C-terminal variants. The resulting p63 isoforms are differentially expressed in various tissues, including epidermis, and certain p63 isoforms such as DNp63a are highly expressed in epidermal keratinocytes. p63 clearly plays a critical role in epidermal development and homeostasis both in mice and humans (15) (16) (17) , but it is still unclear if p63 plays a role in carcinogenesis. While p63 has been reported to be absent or reduced in some human cancers, including basal cell carcinomas (18) , it has more frequently been reported to be overexpressed in various tumors (19, 20) , including nonmelanoma skin cancers (21) (22) (23) (24) . Similarly, conflicting data from mice heterozygous for p63 have not resolved whether p63 is a tumor suppressor or oncogene (25) (26) (27) .
There is evidence, however, that p63 is modulated by and affects the cellular response to genotoxic stress. Following UVR or treatment with other DNA-damaging agents, DNp63 isoforms decrease (28) (29) (30) (31) , whereas TAp63 isoforms have been reported to increase following UVR (32, 33) . DNp63a levels have also been reported to predict the clinical response of tumors to cisplatin (34) . While p63 has been reported to be important in regulating the apoptotic response following DNA damage (19, 28, 31, 35) , its roles in other cellular pathways that respond to genotoxic stress have not yet been defined. We hypothesized that p63 may be a tissue-specific candidate for maintaining GGR selectively in keratinocytes, even in the absence of p53. We have measured GGR in a human keratinocyte model using two independent methods to reduce p63. The results indicate that a simultaneous reduction of p53 and p63, but not of p53 and p73, compromises GGR of CPD in human keratinocytes and that this effect is associated with reductions in DDB2 and XPC levels.
Materials and methods

Cells
Normal human keratinocytes (NHKs) were isolated from neonatal foreskins using standard techniques (8, 9) and cultured in keratinocyte serum-free medium (Invitrogen, Carlsbad, CA) containing 5 ng/ml epidermal growth factor and 5 lg/ml bovine pituitary extract and used within two passages. Transformed human epidermal keratinocytes expressing human papillomavirus (HPV) type 16 E6 and E7 genes (CRL-2309, American Type Culture Collection, Manassas, VA) were grown in medium supplemented with 35 ng/ml epidermal growth factor and 5 lg/ml bovine pituitary extract.
Small interfering RNA treatment Cells (5 Â 10 5 ) were plated 24 h prior to transfection. Thirty minutes prior to transfection, medium was replaced with serum-free medium containing no epidermal growth factor or bovine pituitary extract. Cells were treated with either a non-targeting sequence or small interfering RNAs (siRNAs) (Dharmacon, Lafayette, CO) targeting two distinct sequences encoding the DNA-binding domain common to all p63 isoforms: siRNA DB1 targets 5#-AACCAUGAGC-UGAGCCGUGAAU-3# (36) and siRNA DB2 targets 5#-GUCCCUAUAACA-CAGACCA-3#, which is similar to a previously reported target except for an additional base at the 3# end (37) . An siRNA targeting 5#-AACCACGAG-CUCGGGAGGGAC-3# found in all p73 isoforms was obtained commercially Abbreviations: CPD, cyclobutane pyrimidine dimer; GGR, global genomic repair; HPV, human papillomavirus; mRNA, messenger RNA; NER, nucleotide excision repair; NHK, normal human keratinocyte; 6-4PP, pyrimidine(6-4) pyrimidone photoproduct; siRNA, small interfering RNA; UVR, ultraviolet radiation.
(Santa Cruz Biotechnology, Santa Cruz, CA). Cells were transfected with 123 nM siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 4 h, transfection medium was replaced by fresh medium containing all supplements and incubated for an additional 20 h.
Ultraviolet irradiation
As described previously, cells were irradiated with 10 J/m 2 with a germicidal lamp emitting predominantly at 254 nm (8, 9) .
Measurement of messenger RNA levels XPA, XPC, DDB2, glyceraldehyde-3-phosphate dehydrogenase and peptidyl prolyl isomerase messenger RNA (mRNA) levels were assayed by quantitative real-time reverse transcription-polymerase chain reaction, as described previously (26) . TAp63, DNp63, TAp73 and DNp73 mRNA levels were determined similarly, using the following primers (Oligos Etc., Wilsonville, OR) with location in the mRNA sequence denoted by position of the 5# end relative to the translation start site: 5#-GACCTGAGTGACCCCATGTG-3# ( 
Western immunoblotting
For detection of all proteins except XPC and DDB2, cells were extracted and analyzed as described previously (8, 9) . For analysis of XPC and DDB2, cells were lysed and total protein was extracted and quantified as reported (38) . Extracts containing equivalent amounts of total protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted and probed as described previously (8) GGR assay GGR was assayed as described previously (8, 9) . Briefly, cells were prelabeled with methyl-[ 3 H]thymidine (Amersham, Piscataway, NJ), irradiated and allowed to repair for up to 24 h. DNA damage was probed with an immunoblot assay using monoclonal antibodies against CPD (TDM-2) and pyrimidine(6-4)pyrimidone photoproducts (6-4PP) (6-4M2) (MBL International, Woburn, MA). Individual samples were subjected to scintillation counting to correct for replication. Results are the average of at least three independent biological experiments each assayed in triplicate.
Statistical analysis
Experimental and control samples were compared using unpaired t-tests assuming equal variances (Kaleidagraph, version 3.6, Synergy Software, Reading, PA).
Results
PI3 kinase inhibition reduces DNp63 and impairs GGR in E6/E7
keratinocytes A human genetic model for simultaneous p53 and p63 deficiency is unavailable, and changes in CPD repair kinetics in potential rodent models are challenging to measure due to the normally poor GGR of CPD in rodent cells [(39) and data not shown]. Thus, to evaluate the effect of p63 on GGR, it was necessary to reduce p63 in p53-deficient human keratinocytes. A transformed human epidermal keratinocyte cell line that expresses the HPV16 E6 and E7 oncoproteins and is p53 deficient, yet has normal GGR activity, was chosen as the basic model system for subsequent p63 depletion (8) . As shown in Figure 1A , relative to NHKs, E6/E7 keratinocytes had almost undetectable p53 protein levels, though we have also shown previously that XPC levels are not reduced in E6/E7 (8) . Since DNp63a, the most abundant p63 isoform in epidermal keratinocytes, appears to be reduced by phosphoinositide 3 kinase (PI3 kinase) inhibition (40) , reducing DNp63a with the PI3 kinase inhibitor, LY294002, was explored initially in the E6/E7 keratinocyte model. As previously reported (40), LY294002 reduced DNp63a mRNA levels in E6/E7 keratinocytes to levels that were only 10% of those observed in control cells ( Figure 1B ). In addition, Figure 1C ). Following treatment with LY294002, both normal and E6/E7 keratinocytes exhibited levels of DNp63a protein that were 20-30% of diluent-treated control cells, similar to results previously reported (40) . In both normal and E6/E7 cells, the reduction in DNp63a persisted following UVR.
To determine if the reduced DNp63a levels were associated with alterations in GGR, cells were pretreated with LY294002 or diluent, irradiated and assayed for repair. As shown in Figure 1D , relative to diluent-treated control cells, GGR of CPD was unaffected by LY294002 in NHKs, suggesting that reducing p63 alone in a normal p53 background does not affect GGR. In contrast, while p53-deficient E6/E7 keratinocytes treated with diluent repaired similarly to normal keratinocytes (8), E6/E7 cells treated with LY294002 repaired ,10% of CPD by 24 h (Figure 1E , P , 0.01). The repair kinetics of 6-4 photoproducts (6-4PP), the other major UVR-induced DNA lesion, in both normal and E6/E7 keratinocytes treated with LY294002 were indistinguishable from control cells (Figure 1F and G) .
Deficient GGR associated with targeted p63 knockdown in E6/E7 keratinocytes Because PI3 kinase inhibition could have effects unrelated to p63 function, RNA interference was employed as a more specific method to reduce p63. Two separate siRNA (DB1 and DB2) targeting DNAbinding domain sequences that are common to all isoforms of p63 mRNA but not present in either p53 or p73 mRNA sequences were used independently to further ensure that results were not due to sequence-specific off-target effects (36, 37) . Transfection of fluorescently labeled siRNA into E6/E7 keratinocytes resulted in .90% of the cells exhibiting fluorescence after 24 h (data not shown). In contrast, similar experiments with NHKs indicated that ,50% of these cells were transfectable under our conditions and did not result in significant p63 reduction (data not shown), and thus normal keratinocytes were not used further in siRNA experiments. Following siRNA transfection, siRNAs DB1 and DB2 each reduced DNp63 mRNA isoforms by at least 60% and TAp63 mRNA isoforms by 75-85% (Figure 2A ). mRNA levels of both TAp73 and DNp73 isoforms as well as of glyceraldehyde-3-phosphate dehydrogenase were not comparably affected by the p63 siRNA, consistent with previous reports that p73 protein levels in keratinocytes are unaffected by p63 siRNA (42) . Similarly, DB1 and DB2 reduced basal DNp63a protein levels by at least 75% further validating both of these siRNAs as effective inhibitors of p63 levels in keratinocytes ( Figure 2B) . GGR kinetics were then measured in cells that were treated with each p63 siRNA for 24 h, irradiated and assayed for repair. As shown in Figure 2C , E6/E7 keratinocytes treated with a non-targeting sequence repaired $35% of CPD by 8 h and slightly .50% of CPD by 24 h after UVR, comparable with repair activity observed previously for normal keratinocytes as well as other keratinocytes deficient in p53 alone [see Figure 1 and (8)]. In contrast, cells treated with either of the p63 siRNA repaired ,20% of CPD by 8 h (P 0.04) and only 20-30% of CPD by 24 h (P 5 0.01) after UVR, representing a 40-50% decrease in overall repair activity of CPD during the first 24 h following UVR. In all cases, repair of 6-4PP was unaffected by the loss of p63 ( Figure 2D) .
In contrast, an siRNA directed against all p73 isoforms resulted in specific reductions in both TAp73 and DNp73 mRNA ( Figure 3A ), yet did not alter GGR kinetics for either CPD or 6-4PP relative to the controls ( Figure 3B and C) . XPC and DDB2 mRNA levels are not affected by loss of p63 in E6/E7 keratinocytes Since we have previously observed that, unlike fibroblasts, keratinocytes appear to maintain their basal levels of XPC and DDB2 expression regardless of their p53 status (8), we explored the possibility that p63 also transcriptionally activates XPC or DDB2 in order to account for impaired GGR in keratinocytes that are deficient in both p53 and p63. E6/E7 keratinocytes were treated with siRNAs or with a nontargeting sequence, irradiated with UVR and then analyzed by quantitative reverse transcription-polymerase chain reaction (Figure 4) . In contrast to previously reported results for normal keratinocytes and as previously observed in E6/E7 keratinocytes (8, 9) , E6/E7 cells treated with non-targeting control sequences exhibited poor or no induction of DDB2, XPC or XPA mRNA levels following UVR. Relative to cells treated with non-targeting control sequences, neither of the p63 siRNAs altered basal or induced mRNA levels of any NER genes examined (P . 0.05); an apparent increase relative to the control in XPC and DDB2 mRNA at 24 h only in DB1-treated cells was not statistically significant. These results suggest that the loss of GGR associated with p63 reductions is not predominantly due to a loss of transcriptional activity of NER genes.
Reduced DDB2 and XPC protein levels in E6/E7 keratinocytes deficient in p63 Since transcription of NER genes did not appear to change in association with reduced p63 and impaired GGR, we next examined actual XPC and DDB2 protein levels following UVR in E6/E7 keratinocytes treated with p63 siRNA. As shown in Figure 5A , DDB2 levels decreased slightly in control cells during the first 24 h following UVR, similar to previous findings in other cell types (43) . However, both DB1 and DB2 siRNA treatment decreased basal levels of DDB2 to levels ,50% of non-targeting sequence controls, and this deficiency persisted during the 24 h following UVR. It should be noted that under the lysis conditions used, .80% of the DDB2 signal was found in the initially insoluble fraction that was then solubilized and analyzed and that this fraction is presented in Figure 5A . The initially soluble fraction following lysis did not exhibit detectable differences in DDB2 levels following p63 siRNA treatment or following UVR (data not shown).
XPC levels were more modestly affected by p63 siRNA ( Figure 5B ). Following treatment with the non-targeting sequence control, cells exhibited moderately elevated levels of XPC by 24 h. However, cells treated with either p63 siRNA exhibited basal XPC levels that were initially 75-85% of control cells treated with a non-targeting sequence, and then were ,50% of those in control cells by 24 h after UVR.
Discussion
p63 is a critical gene in both epidermal development and maintenance (15, 44) . In addition, p63 has been reported to be important for the apoptotic response independent of p53 (35) , and the DNp63 isoform in particular has been shown to be critical for preventing apoptosis in keratinocytes following UVR as well as in other cell types following DNA damage (19, 28, 31, 35) . However, a role for p63 in tumorigenesis is still unclear. Although p63 was originally anticipated to function as a tumor suppressor similarly to p53, there is also evidence that p63 functions as an oncogene (27, 45) . Recently, disparate reports have emerged regarding the tumor predisposition of mice heterozygous for p63 and p63/p53 (25, 26, 46) .
Our results suggest that, in addition to modulating apoptosis, p63 has yet another role in the response to DNA damage. Using p53-deficient E6/E7 human keratinocytes, we used both a small molecule PI3 kinase inhibitor as well as two separate siRNA targeting sequences that are common to all p63 isoforms to demonstrate that simultaneous depletion of p63 and p53 in human keratinocytes is associated with impaired GGR of CPD. The repair results suggest that, even in the absence of p53, p63 functions to support GGR activity of CPD in human keratinocytes. While both LY294002 and p63 siRNAs substantially reduced DNp63a levels, they did not completely abolish them, and it is possible that further reductions in p63 levels would further impair GGR. Since both of our siRNAs targeted all p63 isoforms, it is also still unclear which isoforms of p63 support GGR in the absence of p53. In addition, we assessed whether p73 may play DNA repair in keratinocytes deficient in p53 and p63 a role in repair since p63's apoptotic effects have been shown to be p73-dependent in head and neck squamous cell carcinomas (20) . Although p73 has been implicated in the apoptotic response to DNA damage (35), we observed no effect on p73 mRNA levels when p63 is reduced, consistent with previous reports that p73 protein is unaffected by p63 siRNA in keratinocytes (42) . Further, p73 siRNA had no detectable effect on GGR of CPD or 6-4PP following UVR. While it is possible that the E6 and E7 proteins confer an occult predisposition to a repair deficiency that is unmasked by p63 depletion, the quantitatively similar results from both PI3 kinase inhibition and two separate p63 siRNA suggest that the particular mechanism of p63 reduction in the E6/E7 background is unlikely to be important. Nevertheless, it will be important to confirm these results in other p53-deficient keratinocytes. It is also still unclear whether loss of p63 without loss of p53 impairs GGR, although the inability of LY294002 inhibitor to reduce GGR in normal keratinocytes suggests that loss of at least DNp63a alone is insufficient to reduce GGR. In addition, several human syndromes in which p63 but not p53 is mutated are characterized by developmental defects, but neither photosensitivity not tumorigenesis, further suggesting that loss of p63 function alone is insufficient to confer an NER defect (16, 47) .
One mechanism by which p53 regulates GGR in non-keratinocyte cells appears to involve direct transcriptional activation of certain genes, including DDB2 and XPC that encode key DNA damage recognition proteins (1, 2, 48) . While both TAp63 and DNp63 have been reported to directly transactivate various target genes, the lack of decreased DDB2, XPC and XPA mRNA levels upon p63 knockdown in a p53-deficient cell suggests that neither p63 nor p53 directly regulates these genes in keratinocytes. These results contrast with those from fibroblasts, and it is possible that keratinocytes possess alternative mechanisms for regulating transcription of NER genes.
Although an effect of p63 on transcriptional activity of XPC and DDB2 genes was not observed, reduced GGR of CPD was associated with reduced levels of DDB2 and to a lesser extent of XPC proteins in E6/E7 keratinocytes transfected with p63 siRNA. These data suggest that p63 may affect GGR indirectly by supporting the steady state levels of DDB2 and XPC. While the decrease in basal XPC levels was not dramatic, it may be biologically significant since XPC participates in a rate-limiting step in NER and, at least in HeLa cells, is one of the least abundant NER proteins (49) . Levels and activities of both DDB2 and XPC appear to be regulated by multiple mechanisms, including modification by ubiquitin and small ubiquitin-like modifier (38, (50) (51) (52) , and p63 may affect such posttranslational processes.
Because we and others have observed UVR-associated reductions in DNp63a in control human keratinocytes (28) (29) (30) , it may seem surprising that p63 is involved in maintaining global repair of UVR-induced CPD. There may be several potential explanations for this apparent paradox. First, the physiological decrease in DNp63a following UVR is smaller than the reductions mediated by p63 siRNA and may not be sufficient to affect GGR. Second, while the DNp63a isoform has been most easily studied following UVR, the behavior of other p63 isoforms is less clear, though others have reported that UVR induces TAp63 (32, 33) . Finally, both DDB2 and XPC, as well as other proteins involved in the UVR response, also decrease initially following UVR, and therefore a decrease in a repair-related protein following UVR may still be consistent with a role in repair, though the significance of the dynamics in protein levels remains unclear (38, 43, 51) .
The E6 and E7 oncoproteins are essential in the pathogenesis of HPV infection and transformation of stratified squamous epithelia. It may be advantageous for the propagation of certain types of HPV that inactivation of p53 does not also impair NER in keratinocytes due to the presence of p63. In addition, although this work was conducted with E6/E7 keratinocytes, p63-dependent maintenance of NER to prevent UVR-induced mutations despite loss of p53 in human keratinocytes but not in other tissues suggests a more detailed explanation for the Li-Fraumeni syndrome phenotype in which internal malignancies but not epidermal carcinogenesis are increased (5).
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